biosynthetic genes and its mRNA contains four short standing how a specific mRNA is degraded requires uORFs preceding the GCN4 coding region that modulate characterization of the cis-acting elements and transtranslation of the GCN4 protein ( Figure 1A ; reviewed in acting factors that regulate its turnover and the interplay Hinnebusch, 1996). The GCN4-STE is located between between them. One way to modulate this interplay is uORF4 and the GCN4 protein coding region ( Figure 1A containing transcripts are destabilized in a pub1⌬ strain.
leader region was used. The Xs represent point mutations that inactivate the AUG codons of uORF1, uORF2, and uORF3. The gray and black boxes represent the DSE and 3Ј-UTR from the PGK1 gene (containing the transcription termination and polyadenylation signals), respectively. In construct 1A the DSE is immediately after uORF4. Construct 1B harbors the stabilizer element from the GCN4 transcript (G-STE, white rectangle) between uORF4 and the DSE. In construct 1C, the stabilizer sequence from the YAP1 transcript (Y-STE, striped rectangle) was inserted between uORF4 and the DSE. mRNA decay rates of these alleles were determined in either the RY262 (UPF1 ϩ ) or RY262 Ϫ (upf1) strain. The RNA blots for these experiments are shown below the schematic representations of the hybrid alleles.
The Pub1p represents one of the major cellular polycodon of the coding region. The YAP1 transcript contains a uORF and is resistant to the NMD pathway (Vilela adenylated RNA binding proteins whose role in RNA metabolism has not previously been defined. Our results et al., 1998). Similar to the GCN4 mRNA, the YAP1 transcript contains an AU-rich sequence between the uORF demonstrate that Pub1p plays an important biological role in controlling the activity of the NMD pathway. and the YAP1 coding region ( Figure 1A ) that could function as an STE. This possibility was analyzed using three Finally, we show that the CPA1 mRNA, another transcript containing a natural uORF, is sensitive to degrachimeric constructs ( Figure 1B) . In construct 1A, the uORF4 from GCN4 is immediately followed by a DSE dation through NMD. This is an example of a natural uORF containing mRNA that is regulated by the NMD from the PGK1 transcript. The transcript encoded by this allele is susceptible to NMD (Ruiz-Echevarría et al., pathway.
1998). Construct 1B contains the GCN4-STE between the uORF4 and the DSE of construct 1A. This transcript Results is resistant to the NMD pathway (Ruiz-Echevarría et al., 1998). In construct 1C, the 68 nt region from YAP1 conThe YAP1 Transcript Contains a Functional Stabilizer Element taining the putative stabilizer sequence was inserted between uORF4 and the DSE of construct 1A. These Previous results indicated that the STE in the GCN4 mRNA is located in the leader sequence of the transcript three constructs were transferred to yeast centromeric plasmids and transformed into isogenic UPF1 ϩ and between a uORF and the GCN4 coding region. The GCN4-STE blocks the NMD pathway and can function upf1⌬ strains harboring the rpb1-1 temperature-sensitive allele of the RNA polymerase II (Nonet et al., 1987). when inserted in heterologous transcripts 3Ј of a nonsense codon (Ruiz-Echevarría et al., 1998). Based on mRNA decay rates were determined by Northern blot analysis. As expected, the transcript lacking an STE this data, we searched for sequences in other yeast transcripts that could also inactivate NMD. We hypothesequence was degraded rapidly in a UPF1 ϩ strain but stabilized 4-fold in a upf1⌬ strain, indicating that it is sized that STEs could be localized in uORF-containing transcripts, between the uORF stop codon and the start susceptible to NMD ( Figure 1B, construct 1A) . Insertion of the GCN4-STE stabilized the mRNA, rendering it insensitive to NMD ( Figure 1B, construct 1B) . Interestingly, the transcript containing the YAP1 sequence was also stabilized (t 1/2 Ϸ 12 min) and its decay rate did not change in UPF1 ϩ or upf1⌬ strains ( Figure 1B, construct 1C ). This indicates that the sequence between the YAP1 uORF and the main coding region can also function as a stability element to block NMD. We refer to this sequence as the Y-STE. Therefore, analogous to the GCN4 mRNA, the YAP1 transcript is resistant to NMD likely as a consequence of the presence of a stabilizer element.
A Sequence-Specific mRNP Containing an ‫06ف‬ kDa Protein Is Formed on the Y-STE We determined whether cellular proteins bind specifically to the Y-STE using an electrophoretic mobility gel shift assay (EMSA; Figure 2A The results indicated that formation of the YSTE complex was not observed when the Y-STE RNA was incumasses between 50 and 70 kDa: Pub1p, Pab1p, and Ded1p. Supershift analysis using antibodies to each of bated with extract prepared from a pub1⌬ strain ( Figure  3A , lanes 3 and 4), but it was formed with extracts from these three proteins proved that only the Pub1p antibody supershifts the YSTE complex, suggesting the the wild-type isogenic strain ( Figure 3A, lanes 1 and 2) . These results indicate that the Pub1p is necessary for presence of Pub1p in this complex (data not shown). Based on this result, we determined whether Pub1p is the formation of the YSTE complex. Competition studies were performed to further charrequired to form the YSTE complex. A uniformly labeled Y-STE RNA was incubated with yeast cell extracts from acterize the sequence specificity of the YSTE complex formation ( Figure 3B ). The ability of unlabeled Y-STE isogenic wild-type and pub1⌬ strains and formation of the YSTE complex was analyzed by EMSA ( Figure 3A) .
RNA, and each of four homoribopolymers, to compete Figure 1C . The Y and G boxes represent the YAP1 and GCN4 STEs, respectively. In construct 4C a control sequence from the GCN4 leader (C box) has been inserted between uORF4 and the DSE. mRNA decay rates of these alleles were determined in isogenic wild type, pub1⌬, and pub1⌬, upf1⌬ strains. the Pub1p, an STE-containing transcript would become from GCN4 and the DSE from the PGK1 transcript. In construct 4C the STE was replaced by a control seunstable. To test this possibility the stability of the YAP1 and GCN4 mRNAs were determined in isogenic wildquence from the GCN4 leader region. The half-lives of the corresponding mRNAs were determined in isogenic type, pub1⌬, and pub1⌬ upf1⌬ strains ( Figure 4A ). The chromosomally encoded YAP1 mRNA is of extremely wild-type, pub1⌬, and pub1⌬ upf1⌬ strains. The transcripts containing the Y-STE or GCN4-STE were moderlow abundance and difficult to detect by conventional methods. We therefore expressed the YAP1 gene under ately stable in the wild-type strain but were unstable in the pub1⌬ strain ( Figure 4B , constructs 4A and 4B). the control of the GCN4 promoter from a centromeric plasmid. mRNA decay rates were determined by NorthDestabilization was due to NMD since the GCN4 and YAP1 mRNAs were stabilized in a pub1⌬ upf1⌬ strain. ern blot analysis. The half-life of the GCN4 and YAP1 mRNAs were 16 and 7 min, respectively, in the wildThe transcript carrying the control sequence was relatively unstable in the wild-type strain and was not further type strain. However, both transcripts were destabilized 2-to 3-fold in the pub1⌬ strain ( Figure 4A ). Destabilizadestabilized in the absence of the Pub1p ( Figure 4B , construct 4C). These results indicated that Pub1p is tion was specific to the NMD pathway since the GCN4 and YAP1 mRNAs were stabilized in a pub1⌬ upf1⌬ required for the activity of the Y-STE in preventing decay of the mRNAs through NMD and that the Y-STE is funcstrain ( Figure 4A) .
We also tested whether the stability of heterologous tional in heterologous transcripts. The half-lives of the PGK1, HTB1, LEU2, and CPA1 nonsense-containing mRNAs harboring STEs were affected by the presence of the Pub1p using the conmRNAs were monitored to determine whether the Pub1p affects the turnover of mRNAs that do not contain uORFs structs shown in Figure 4B Figure  5A ). The reduced ability of the pub1⌬ cells to tolerate 1994; Wang et al., 1999). The CPA1 mRNA contains a 25-codon uORF whose product represses expression stress agents was not due to differences in growth rate since the wild-type and pub1⌬ strains grew similarly in of the CPA1 gene in the presence of arginine. We determined whether the CPA1 mRNA is degraded through the plates lacking H 2 O 2 and CdSO 4 .
We also determined whether expression of the GCN4 NMD. The half-life of the CPA1 mRNA was measured in isogenic UPF1 ϩ and upf1⌬ yeast strains by Northern gene was altered in a pub1⌬ strain ( Figure 5B ). The GCN4 protein is a transcriptional activator of genes inblot analysis. The CPA1 mRNA was rapidly degraded in a UPF1 ϩ strain with a half-life of 3 min, but stabilized volved in amino acid biosynthesis. Therefore, we tested the ability of wild-type and pub1⌬ strains to resist amino more than 6-fold in a upf1⌬ strain (Figure 6 ). This result indicated that the CPA1 mRNA is sensitive to NMD, acid starvation conditions by growing the cells on media containing 3-aminotriazole (3-AT), an inhibitor of histidemonstrating that this pathway can regulate the decay rates and abundances of wild-type transcripts condine biosynthesis. Single colonies of wild-type or pub1⌬ cells were streaked on media containing 50 mM 3-AT taining uORFs. Figure 4A was prepared by inserting a PCR at 24ЊC. Preparation of cytoplasmic S30 extracts was essentially as product harboring the YAP1 coding region between the GCN4 sedescribed previously (Tarun and Sachs, 1995).
quences containing the promoter and the leader region up to nucleotide ϩ211 and the PGK1 3Ј-UTR. In Figure 4B , construct 4A and 4B are identical to construct 1C and 1B, respectively, in Figure 1C .
Drug Resistance
Construct 4C (4839) was prepared by inserting a fragment conTo determine the resistance of the yeast strains to CdSO 4 and H 2 O 2 , taining the GCN4 leader sequences from nt ϩ326 to ϩ393 in front strains were grown at 24ЊC in YPD media to early or late log phase.
of the DSE in construct 1A. In Figure 4D , Health (GM48631) and an American Heart Association Established Bands containing the RNAs were excised from the gel and eluted Investigator Award given to S. W. P. and by an American Heart overnight at 37ЊC in a buffer containing 0.3 M sodium acetate, 50
Association Grant-in-aid given to M. J. R.-E. mM Tris-HCl (pH 8.0), 0.5 mM EDTA, and 1% SDS.
